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ABSTRACT 


Human body is a thermal system. It has the ability to generate heat invariably due to various biochemical 
reactions and the ability to regulate temperature by various thermoregulatory mechanisms. Malignancy on the 
other hand increases the metabolic activity of cells and augments the heat generation process featuring local 
thermal imbalance. Indeed, the rate of heat generation and heat dissipation are uneven, causing the local 
temperature of malignant tumor to rise. The increase in local temperature of tumor exhibits thermal contrast in the 
thermogram individuating the diseased and healthy region when imaged using a thermal camera. Over the last few 
decades, infra-red thermal imaging methods were highly admired due to their ability to detect functional changes 
and early traces of cancer. In fact, the methods such as dynamic thermography, active thermography, passive 
thermography and infrared transillumination techniques exhibited high sensitivity for breast cancer diagnosis. 
Moreover, these methods are proven to be useful to monitor growth of the lesion as well as responses to the 
treatment. This chapter aims to review various infrared thermographic methods, viz., dynamic and steady state, 
passive and active methods for the detection of malignant lesion in breast and skin. It also discusses the suitability 
of these methods for differentiating the malignant lesion from the benign one. The recent advancements in the 
field which include the role of heat transfer models and inverse modelling/thermal tomography for predicting the 
location, stage and size of the cancerous tumor are illustrated. Finally, future research directions are suggested. 
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1. INTRODUCTION 


Currently, there are a wide variety of medically 
approved non-invasive techniques used for the detection 
of tumors and traces of cancer in the tissues. These 
techniques, viz., X-ray, computed axial tomography 
(CAT), magnetic resonance imaging (MRI), positron 
emission tomography, ultrasound imaging, thermal 
techniques and optical techniques, are highly admired by 
the medical practitioners due to its ability to provide a 
crucial contribution to the diagnosis of cancer [1-7]. In 
many situations, these methods reveal more objective 
and quantitative details which remain unwrapped in the 
pathological tests. Moreover, non-invasive methods are 
quite useful for pre- and post-clinical diagnosis as well 
as prognosis because these are faster and can be used 
repetitively for longer span with slight risk of radiation 
exposure in certain cases. These techniques are based on 
forms of energy, viz., electromagnetic and particle 
radiation, sound waves or magnetic fields, that are 
attenuated by bio-fluids, living soft and hard tissues 
during its flight through the body. The observed changes 
in the energy pattern or the image contrast indicate 
evidences of abnormal conditions which require 
thorough knowledge and careful observations. 

Conventional non-invasive techniques, viz., X-rays, 
Ultrasound, and CAT scans are quite reliable for the 
identification of shape, size and location of tumor but are 
rated low for early detection of cancer. One of the 
reasons being the fact that these techniques lack the 
sensitivity to the functional changes. Further, the high 
cost associated with handling these scanners limits their 
use. Interestingly, even after using contrasting agents, 
these techniques are only capable to detect malignant 
lesions once the cells grow into a single mass/tumor of 
approximately 1 cm? [1]. For example, X-rays of lung 
and breast are commonly used to locate abnormal 
tissue/tumors, which demand _ further invasive 
investigation of the suspected area to discern cancerous 


and non-cancerous lesions. CT scans on the other hand, 
can produce detailed images with better resolution 
compared to X-ray but lacks the ability to identify cancer 
in soft and sparse tissue without any contrasting agents. 
The contrasting agent, i.e., iodine used for CT scan often 
cause side effects such as allergies and kidney problems 
[8]. It is ten times more costly than standard X-rays and 
produces shadow like images which are difficult to 
analyze at times. Moreover, the energy sources being 
used in these techniques are forms of radiation that can 
ionize tissue and can be harmful if used too often for 
longer duration. Ultrasound uses 1 to 10 MHz sound 
waves to locate abnormalities in soft tissues, and is 
capable to distinguish fluid filled cysts from solid 
tumors. However, it lacks the ability (a) to discern 
malignant from benign tumor and (b) to penetrate the 
imaging depth more than 10 cm for most organs [1, 9]. 
MRI on the other hand is a powerful technique with sub- 
millimeter spatial resolution and is capable to give better 
images of soft tissues which are hard to identify by other 
imaging techniques [1]. MRI with the help of contrasting 
agent can help doctors distinguish a non-cancerous 
tumor from a cancerous tumor. However, MRI is quite 
expensive compared to other methods due to high cost 
associated in running superconducting magnets. For 
about 30-45 minutes, and sometimes up to two hours in 
a fixed position, the patient is constrained to bear with 
the high noise inside the machine. Symptoms of 
headache and nausea are observed in patient due to the 
above mentioned factors. Similarly, other advanced 
diagnostic techniques such as nuclear medicine 
imaging/positron emission tomography are based on 
radiopharmaceutical application. It has the ability to 
provide detailed three dimensional images indicating 
physiological as well as functional changes in tissues 
and can play important role in pre- as well as post- 
clinical diagnosis. But it exposes the body to 
radioactivity that is potentially harmful, although 
unproven it has a slight risk of inducing cancer. 
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Moreover, the use of high cost cyclotrons needed for its 
operation makes it very expensive, and are not easily 
available because of the need for careful handling. 

Current medical status indicates that prevention is 
one of the most important cancer fighting tools 
compared to curing. Thus, it is important to detect the 
cancer as early as possible before it spreads. 
Conventional techniques, viz., X-ray, CT/CAT scans and 
ultrasound, are quite efficient at knowing the presence, 
location, and size of a large tumor mass, but fails to 
confirm early signs of cancer and various prognostic 
features. Indeed, many clinical cases confirmed that by 
the time these techniques could detect and differentiate 
the mass, often the disease has already spread [9]. The 
reason being the dependency of these techniques for 
ascertaining the structural variations of tumor from 
surrounding tissue. Further, these methods were not used 
in simple clinical setting and thus lead to delay in 
detection. Additionally, these imaging techniques are 
expensive, and sometimes produce unacceptable images 
that lead to significant cases of false negative and false 
positive results. Thus, there is a need to explore other 
non-invasive tools and techniques which should be 
cheaper, effective, easy to handle and convenient for 
patients. Thermal imaging is one such alternative 
method which detects the temperature variation due to 
(a) abnormal vascular flow and microcirculation of 
blood attributing to the launch and progression of lesions 
and (b) physical changes in tumor size and penetration 
depth. Indeed, in practice the thermal imaging technique 
is filling the gap in clinical diagnosis where structural 
changes are insignificant and physiological and/or 
metabolic changes are significant. In fact, in the past 
medical thermography had revealed few early features 8- 
10 years before the clinical detection of cancerous lesion 
using conventional techniques. 


This chapter aimed to review the vast area of 
thermal imaging techniques, focusing on their ability to 
detect cancerous lesions and differentiate from benign 
lesions found in the skin and breast. At first, a brief 
description of the facts and figures about skin and breast 
lesion was discussed. Next, a detailed account of various 
studies and _ findings obtained from medical 
thermography of skin and breast cancer was presented. 
Finally, the chapter focused on various categories of 
medical thermography, the recent advances, and the 
future directions. 


2. BACKGROUND 


2.1. Cancer Facts and Figures 


Malignant cells are transformed form of normal cells 
which are originated due to mutation in genetical 
composition [10]. The malignancy alters the usual 
cellular signals, and thereupon refrain any changes due 
to the active immune system. These cells are capable to 
replicate faster in an uncontrollable manner assisted by 
an increase in the metabolic activities [11]. It can invade 
adjacent native as well as non-native cells, and 
sometimes spread to other locations of the body via 
lymph and blood. 

Malignant lesions of skin and breast are commonly 
found among the patients in the United States (US) and 
around the world. According to the National Program of 
Cancer Registries (NPCR), US [12] during 1999-2007, 
the skin cancer has remained the sixth and the seventh 
common types of cancer found in male and female 
population, respectively. The breast cancer, on the other 
hand, was having the highest incidence rate in female 
compared to other types of cancers. Figure 1 depicts the 
age-adjusted incidence rate of different types of cancer 
in female and male during 1999-2007. 
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Figure 1. Age-adjusted incidence rates of top cancer sites found in (a) the female and (b) the male of all races (Data acquired from the 
National Program of Cancer Registries [12]). 
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Melanoma 


. Nature: Deadly. 

. Appearance: Dark lesion 

. Common locations: Back, 
leg, arms, face and may 
appear at other locations. 

. Other details: originates as 
a mole (other than birth 
mole) which spread into 


unusual dark lesion over 
time. 


. Standard protocol: Early 
diagnosis and treatment. 


Skin Lesion 


Cancerous 


Staged based on 
penetration depth 


Non-Melanoma 


. Types: Basal Cell Carcinoma 


(BCC) and Squamous Cell 
Carcinoma (SCC). 


. Nature: Not deadly (curable). 
. Appearance: Pink/flesh 


colored raised lesion. 


. Common locations: Head, 


neck, ear, lips, back of hand, 
forearms, leg, chest, abdomen, 
face. 


. Other details: SCC can spread 


and may originate from 
Actinic Keratosis. Whereas, 
BCC rarely spreads. 


. Standard protocol: Treatment 


followed by diagnosis. 


. Types: Cherry Angioma (CA), 


Benign 


Sebaceous Hyperplasia (SH), 
Seborrheic Keratosis (SK), 
Dermatofibroma (DF), etc. 


. Nature: No clinical consequence. 
. Appearance: CA - red colored 


round papules; SH — yellow 
colored dome-shaped papules; SK 
— dark tan/brown/black irregular 
shape; DF — firm raised pink 
colored lesion. 


. Common locations: CA — Trunk 


and extremities; SH - forehead, 
cheeks, and nose; SK — trunk, 
extremities, face and scalp; DF — 
lower legs. 


. Other details: Challenging to 


distinguish SK and melanoma due 
to similarity in appearance. 


. Standard protocol: Only treated 


for cosmesis. 


Figure 2. Common cancerous and non-cancerous skin lesions with their features. 


In general, skin cancer originates at the epidermal- 
dermal junction or in the dermis of the skin, which were 
named after the type of cells. It is categorized into 
melanoma and non-melanoma. Further, based on the 
appearance, the skin lesions are also distinguished as 
pigmented and non-pigmented lesions. Among all types 
of cancers, the melanoma metastasizes rapidly, causing 
the majority of the deaths and target soft tissues like lung 
and the liver [13]. This is mainly due to the fact that skin 
has access to both nearby lymphatic systems as well as 
blood vessels. It is commonly staged based on 
superficial penetration depth within the skin, and the size 
which may vary from less than 1 mm to greater than 4 
mm [13]. Further, skin lesions can be  non- 
cancerous/benign, which are often difficult to distinguish 
from cancerous lesion due to similarities in their 
appearance [14]. Figure 2 depicts the selected skin 


lesions and their features. Breast cancer, on the other 
hand, originates in the inner cell lining of terminal duct 
of the lobular unit, which later spreads to the 
surrounding tissue [13]. Breast cancer is staged based on 
location, invasion, and tumor dimensions. It commonly 
metastasizes to bone, lung, liver, and brain through 
lymphatic and blood vessel network. The size of breast 
tumors may vary from less than 2 cm to greater than 5 
cm [13]. The diagnosis of breast cancer relies on either 
physical examination of lumps or swelling of lymph 
nodes under the armpit and/or mammography for 
possible sign of calcification. On the other hand, the 
benign lesion has a similar physical resemblance as that 
of cancerous lesion and are hard to be distinguished 
using mammography and/or ultrasonography [15]. 
Figure 3 depicts commonly found breast cancer and 
benign breast conditions and their features. 
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Breast Lesion 


Cancerous 


. Types: Ductal carcinoma In situ (DCIS), 
Invasive Ductal carcinoma (IDC), 
Lobular carcinoma In situ (LCIS) and 
Invasive Lobular carcinoma (ILC). 

. Nature: Life threatening. 

. Physical appearance: DCIS — no lump 
(thin cell lining); IDC — lump; LCIS — 
no lump; ILC — no lump. 

.. Common locations: DCIS — Inner cell 
lining of ducts; IDC — invade the 
glandular tissue from duct walls; LCIS- 
originates in lobules; ILC — invade to 
surrounding tissue. 

. Diagnosis protocol: Physical 
examination of lump/swelling and 
mammography for micro calcification. 

. Additional features: ILC features 
multifocal lesion and may appear in 
both breasts. 


. Types: Cysts (C), Fibroadenoma (FD), 
Intraductal Papillomas (IP), etc. 

. Nature: No clinical consequence. 

. Appearance: C — fluid filled round or 
ovoid structures; FD — mobile and farm 
solid tumor; IP — small painful lump. 

.. Common locations: C — originates from 
terminal duct lobular unit; FD — 
originates from stroma of lobule; IP — 
originates from epithelium of ducts. 

. Diagnosis protocol: physical 
examination of small/hard lumps, 
ultrasonography for fluid filled 
structures, and mammography for 
calcification. 


. Additional features: FD — tumor size 


varies from 3 cm to more than 10 cm. 


Figure 3. Common cancerous and non-cancerous breast lesions with their features. 


2.2. Infrared Thermography for Detection and 
Differentiation of Breast Lesion 


Late 1950 saw the advent of a new medical 
diagnostic procedure, infrared imaging technique, which 
has gained exceptional interest in breast cancer imaging, 
followed by various military applications. Initial 
thermographic observations revealed that local 
temperature of cancer affected tissue is a few degrees 
higher compared to the surrounding normal tissues, 
which is marked as hotspot assisted by asymmetrical 
vascular pattern in the thermogram [16]. Later, Lawson 
and Chughtai [17] observed that the temperature of 
venous blood leaving the malignant site is higher than 
the temperature of arterial blood flowing in, and 
suggested that venous convection increases the skin 
surface temperature near the malignant lesion. Further, 
infrared findings affirmed that vascular proliferation 
enhances metabolic rate followed by convection heat 
transfer due to increased vascular flow, along with the 


capability to identify hyper-vascularity and hyperthermia 
in breast cancers [18]. 

Consequently, in 1993 infra-red findings revealed 
impartial and quantitative details, and correlated various 
prognostic features observed in the breast cancer based 
on dynamic analysis and real-time image interpretation 
[19]. Especially, the quantification of microvascular 
density or vascular growth featuring angiogenesis 
revealed various prognostic attributes, viz., tumor size, 
grade, and lymph node status, etc. A study by Guido and 
Schnitt [20] suggested that, angiogenesis is an early 
event in the development of breast cancer, before the 
observance of any mass accumulation in the breast. Later 
Keysjerlingk et al. [21] reported the unique ability of 
thermography to detect early warning signals (about 8- 
10 years) ahead, before mammography can detect a 
tumor in the breast. On the other hand, couple of 
investigations [22, 23] introduced an approach to 
identify differences between a malignant and benign 
tumor using thermography. It was concluded that, in 
order to better differentiate breast malignancy from 
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benign breast lesion, thermography should be done 
during thermal recovery after cold stress. The study 
revealed that vascular pattern disappears in the breast 
thermogram under cold stress, and reappears gradually 
after removal of cold stress. This important specification 
led to the use of dynamic breast thermography, which is 
capable to identify even small tumors not visible in 
steady-state thermogram [24]. In general, the 
effectiveness of breast cancer thermography is quantified 
based on two parameters: (a) by its sensitivity to detect 
cancerous involvement before the operation and (b) the 
specificity with which it can ascertain and/or discard the 
findings. In fact, many earlier studies revealed that 
thermography can achieve a high level of sensitivity (70- 
95 %) and specificity (> 90 %) in breast cancer diagnosis 
compared to mammography [6]. Likewise, studies have 
also revealed significant cases of false positive and false 
negative results for breast cancer diagnosis using 
thermography [6, 25]. 

Overall, many positive and negative views were 
presented regarding the accuracy of medical 
thermography for detection and differentiation of breast 
malignancy [6, 25-27]. These views led to a few 
important conclusions regarding breast thermography: 


1. It can highlight early signs of malignancy 
marked by abnormal breast thermogram. The 
abnormality in thermogram is represented by 
hyper- and hypothermic textured areas featuring 
an increase or decrease in local microcirculation 
and metabolism. In fact, the progressive 
thermographic abnormalities observed in 
thermograms taken at different dates are clear 
indications of malignancy. Further, it is evident 
(from Figure 3) that breast cancer often 
originates as a thin cell lining and its presence 


can be revealed based on functional imaging 

similar to thermography. 

2. Breast consists of dense tissue. Hence, 
thermography alone cannot tell the location and 
grade of a tumor. However, thermography in 
combination with other diagnostic methods, viz., 
mammography and ultrasound would lead to 
excellent predictability of cancerous and benign 
lesions. The location and size of solid tumor can 
be easily pointed out in a mammogram and/or 
ultrasound images. Further, thermogram can 
differentiate the cancerous and benign lesion 
based on the relative change in the temperature 
of hot spots. 

3. Finally, there is a need for additional research on 

breast thermography with due consideration of 

large scale randomized studies. Further, it is 
important to revisit the major findings of breast 
thermography in the light of advancement in 
thermographic unit and image processing. The 
major focus is to frame guidelines for medical 
diagnosis of early cancer and differentiation of 

benign from cancerous tumor using a 

themographic or multi-modal unit. 


2.3. Infrared Thermography for Detection and 
Differentiation of Cutaneous Lesion 


From the early days of medical diagnosis, the skin 
temperature was related to index of abnormality. It was 
in 1964, Brasfield and colleagues [28] realized the role 
of thermography for detection of cutaneous melanoma. 
Later, the potential of thermography for melanoma 
diagnosis and prognosis was investigated by Gross et al. 
[29] and by Millard and Hesseler [30]. During 1969- 
1984, a series of studies on patients were conducted in 
Europe to determine the usefulness of thermography for 
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diagnosis and prognosis of cutaneous melanoma. In fact, 
two different views were presented by different groups. 
A group from Cancer Institute, Marseille, France [31] 
suggested infrared thermography is a useful adjunct tool 
for diagnosis of cutaneous tumor, determination of 
spread (metastases), the prognosis of invasion, and for 
monitoring the effects of treatment. Their study also laid 
down a_ system of classification for medical 
thermography of cutaneous lesion based on the rise in 
temperature of the lesion above healthy region on the 
thermogram. On the other hand, a group from Italy [32, 
33] regarded thermography as a useless method for 
diagnosis of cutaneous melanoma. Their study revealed 
61.5 % false negative results for cutaneous melanoma 
less than 0.76 mm thickness and 22 % false positive 
cases. These views led to few important facts regarding 
medical thermography of cutaneous lesion such as 


1. Local temperature gradient < 1 °C in raw 
thermogram is generally regarded as benign 
lesion. Thermography fails to distinguish 
melanoma from that of the benign lesion, having 
penetration depth < 0.76 mm also featuring local 
temperature gradient < 1 °C. 

2. Local temperature gradient between 1-3 °C in 
the raw thermogram is regarded as a low grade 
malignant lesion. On the other hand, temperature 
gradient between 2-4 °C is considered as a high 
grade malignant lesion. In fact, the higher 
penetration depth of lesion led to greater chances 
of being hot. The extension of temperature 
gradient beyond the apparent boundary of 
clinically visible lesion signifies probable cases 
of metastasis. In such situation, thermography 
should be extended to locate secondary locations 
of melanoma spread (commonly observed 
secondary locations are depicted in Figure 2) for 


possible hyperthermic region in the range of 1-2 
°C 

3. Thermographic prognostic factor relates the 
degree of local hyperthermia to the length of 
survival. In general, cold melanoma < 1 °C has a 
high survival rate. On the other hand, hot 
melanoma (~ | - 4 °C) showing thermal spread 
has highest death rate. Thermographic follow-up 
pointed out that (a) after excision of lesion, the 
region of interest should cool down to 
isothermic condition within a month, and (b) 
after radiotherapy the region of interest remains 
hyperthermic for two months but gradually cools 
to isothermic condition later. 

4. The source of false negative results during 
thermography is due to ulceration, exudation, 
necrosis, and slow growing tumor, and that of 
false positive results are benign pigmented 
lesion, physiologic hot region, infections and 
angiomatous abnormalities. 


Various evidences of thermographic investigations 
revealed irregular local hyperthermic and hypothermic 
regions featuring the effect of tissue local 
microcirculation and metabolism. Thus, suppressing the 
thermal contrast of small/early melanoma (< 0.76 mm 
thickness) in the raw thermogram. In order to detect a 
small melanoma, temporal variation of raw thermogram 
is a promising approach to highlight small melanoma 
and reject the effect of microcirculation occurring at 
different depths. Indeed, due to mismatch in 
thermophysical properties of features, viz., lesion and 
blood vessels, the thermal pattern corresponding to each 
feature would reveal at the surface of the skin at 
different times. In 1995, Di Carlo [34] applied the 
dynamic thermographic method for medical diagnosis of 
cutaneous lesion. Di Carlo's method was an 
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improvement to the existing steady state thermography, 
which had failed to detect cutaneous melanoma < 0.76 
mm thickness. A cold and hot contact type thermal 
stimulation was applied to the skin surface using a 
balloon filled with thermostatic alcohol-water solution. 
The idea was to reduce the temperature of the skin and 
the cutaneous lesion below a certain value for 20 
seconds (cold stimulation), and then impose hot 
stimulation for 20 seconds on the skin for fast recovery 
from cold stress. During this recovery period, malignant 
cutaneous lesion quickly appeared as a hot spot in 
comparison to the surrounding normal tissue due to 
mismatch in the thermophysical properties. Hence, the 
method is suitable to discern the small malignant lesion 
even in a physiologically hot region. The study also 
suggested that pigmented benign lesions exhibit constant 
hypothermic condition after the thermal stimulation. 
Later, Cetingul and Hermann performed the same 
experiment for the detection of cutaneous melanoma 
[35]. However, in this method, thermal recovery period 
was attained by allowing the skin to recover under 
ambient condition instead of using hot stimulation. Very 
recently, Godoy et al. [36] showed that dynamic thermal 
imaging during thermal recovery from cold stress could 
lead to high level of sensitivity in skin cancer diagnosis 
and specificity to distinguish benign from malignant 
lesion. The method was based on the classification of 
lesions, viz., malignant/benign from normal tissue by 
comparing the recovery curve of pixels that are at the 
same initial temperature. The idea was based on the fact 
that lesions and normal tissue have different 
thermophysical properties, and were cooled to a different 
temperature during application of cold stress. Thus, two 
different thermal recovery curves were revealed. 
However, selection of uniform initial temperature would 
allow correct comparison of recovery of lesion and 
normal tissue. To distinguish the cancerous and benign 


lesions two thresholds were defined featuring the 
difference between the average thermal recovery 
measured across the suspected region and the average 
thermal recovery measured outside the suspected region. 
The study included 102 subjects, and later the biopsy 
results affirmed 59 subjects with benign lesion, 29 
subjects with Basal cell carcinoma, 8 subjects with 
Squamous cell carcinoma and 6 subjects with melanoma. 


2.4. Principles of Medical Thermal Imaging and 
Its Advantages 


The infrared (IR) radiation falls within the 
wavelength range of 0.7-1000 um (or having a frequency 
range of 430 THz to 300 GHz). All objects emit IR 
radiation when the temperature is above the absolute 
zero. It is a well-known fact that the core temperature of 
the human body is always above the absolute zero, i.e., 
in the range of 36.69 - 37.2 °C [37], due to the 
associated metabolic and physiological activities. As a 
result, the peripheral human skin temperature also 
remains above the absolute zero and emits IR radiation 
within the far infrared spectral range of 2.5 um to 13 um 
or above depending on the environmental thermal 
configuration [38]. Human skin behaves similar to a 
black surface within the mentioned spectral range, and 
having emissivity close to unity [38, 39]. The spectral 
radiance E, from the skin surface in thermal equilibrium 
is defined by the Planck’s law as 


-1 
E, =6(A)x2he*A> oso an (1) 
KB 


where € is the spectral emissivity, h is the Planck’s 
constant, c is the speed of light, «kz; is the Boltzmann 
constant, J is the wavelength and T is the temperature. 
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Here, Eq. (1) correlates the spectral radiance of a 
perfectly black body (€=1) or a gray body (€#1), 
which is a function of wavelength. In fact, for a given 
temperature, the radiant energy is emitted by the body in 
a range of wavelengths. However, the total energy 
emitted by the surface correlates with the area under the 
curve representing the spectral radiance from a surface 
(Eq. (1)) at a particular temperature and can be 
approximated by Stefan-Boltzmann law as 


Ep =|E,da=oT* (2) 
0 


where o is the Stefan-Boltzmann constant. 

It is worth-mentioning that, the detector of a thermal 
camera is capable to detect within a_ particular 
wavelength band and it cannot detect the radiance for a 
whole spectrum of wavelength. Therefore, relating the 
total radiance (Eq. (2)) for camera detection may lead to 
small but undue error. In general, the spectral radiance 
Excam Tecelved by a thermal camera is the summation of 
the radiance emitted by the skin surface Ej si, and the 
radiance contributed by the surrounding environment, 
Ejxeny and other heat source. Therefore, the spectral 
radiance received by a camera Ej cam can be expressed as 


Fig cin ~ E(A)T(A)E, sin + [1 ~ €(A)|t(A) Ea pe 


3 
+[1=7(A) |B env ©) 


where 7 is the spectral transmitivity of the atmosphere 
and £;,.q is the reflected portion of the radiation from 
the skin surface due to radiation emitted by other 
sources. Figure 4 depicts the graphical illustration of the 
radiation received by a thermal camera. 


Surrounding (T..) 


évE 


T skin =. a a t)ES : 


(l-e}rE,, 


Heat source (T,) 


Figure 4. Schematic representation of radiant energy received by 
thermal camera. 


Few studies have also shown that, a favorable 
wavelength range (8-10 um) exists for the thermal 
evaluafi®n of the skin, since IR radiation from the skin 
surface exhibits a maximum peak within this wavelength 
range [40]. This can be easily confirmed by the Wein’s 
displacement law 


Ava = 2897/T sin (4) 


where Anais the wavelength corresponding to maximum 
radiance and 7,,;, is the temperature of the skin surface 
in K. Apart from the above facts, the IR radiation 
exhibits nearly 100 % transmittance through the 
atmosphere/ air (t = 1) within the spectral range of 8-10 
um [41]. Hence, it is evident that measuring the skin IR 
radiation within the spectral range of 8-10 um is 
advantageous. In fact, if measurement is carried out in 
the abyqyce of any other heat source (£;,,.”), then Eq. (3) 
will reduce to 


& E(A)E, stin (5) 


A,cam 


Here, the effect of environment on the sensitivity of 
the camera can be neglected since transmitivity of the 
atmosphere is unity in the above mentioned spectral 
range. Therefore, the surface radiance can be assumed to 
be nearly equivalent to the radiance received by the 
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camera. The above analogy and the statement are true, 
only if the radiance from surrounding is insignificant. 
Indeed, it is a standard protocol to carry medical 
thermography in an isolated room away from any heat 
source to avoid camera calibration and measurement 
error. By considering the theoretical relations and proper 
calibration, the radiometric values received by the 
camera can be converted to a temperature value 
indicating the exact surface temperature. 

The thermal imaging techniques are highly admired 
by the medical practitioners due to various advantages: 
(a) non-invasive and non-contact method, (b) easy to 
handle, (c) portable, (d) painless, (e) fast, (f) no harmful 
radiation effects, (g) cost favored, (h) highlights 
important thermo-physiological processes that are not 
understood well by the other techniques, (i) useful for 
pre- and post- clinical evaluation since these techniques 
can be used repetitively for longer time span with no 
radiation risk, etc. 


3. CLASSIFICATION OF THERMOGRAPHY 


3.1. Transillumination Technique 


Transillumination technique is an _ alternative 
diagnostic method which uses visible, near infrared or 
red light source in a dark room to identify subsurface 
lesion and/or anomalies within the breast by monitoring 
the transmitted light. The transillumination of the breast 
using visible light in a dark room was first carried out by 
Cutler [42]. The study used the spatial resolution of 
transilluminated images and/or transilluminated videos 
to differentiate normal and abnormal breast tumors. 
According to Culter [42], the density difference between 
benign and malignant tumors led to variation in the 
degree of translucence, which could be an important 


protocol to differentiate these lesions. In fact, Culter also 
emphasized that differential diagnosis of breast tumors 
would require thorough knowledge of various anatomic 
details of malignant and benign tumors, such as accesses 
to lymph node or blood vessels and tumor growth over 
time. Figure 5 depicts a schematic diagram illustrating 
the transillumination technique. 


Before After 


Figure 5. Artistic rendering of transillumination technique for 
detection of breast tumor. 


Later, Gros et al. [43] coined a term diaphanography 
instead of transillumination and reported its possibilities 
to distinguish benign from malignant lesions using 
visible light. In 1980, Ohlsson et al. [44] revealed 
improvement in transillumination of cancerous lesion by 
photographing infrared wavelengths of transilluminated 
breast with an infrared-sensitive film. Further, Carlsen 
[45] followed by Bartrum and Crow [46], and later 
Merritt et al. [47] considered transillumination of the 
breast using near IR and red light source to identify real 
time anomalies by analyzing the variation in the 
transmitted light. Merritt et al. [47] performed a clinical 
study on 1,775 patients using infrared light and referred 
it as a useful diagnostic technique for breast diseases. 
The observations allowed them to categorize breast 
diseases such as (a) cysts appeared as a lighter area 
because of increased transmission of light, (b) vessels 
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appeared darker due to higher absorption of light, (c) 
presence of dark mass represents a benign tumor, and (d) 
dark mass assisted by abnormal vascular patterns 
represents malignant tumors. The use of 
transillumination has shown considerable sensitivity for 
breast cancer detection, but completely loses its ability 
to identify deep body cancers, since red and near 
infrared wavelengths of visible spectrum exhibit heavy 
scattering and low absorption in biological tissue. 
Further, the projection imaging/transillumination 
technique is not practical to detect tumors in organs 
other than breast and testis since light fails to reach the 
detector through thick tissues. Consequently, the 
research interest in transillumination technique using 
visible and IR light slowly faded away due to subsequent 
blurring of images inherited by this technique. However, 
in this digital age, the application of projection 
imaging/transillumination technique could find its 
usefulness for quick inspection of any anomalies in the 
breast and testis in a simple clinical setting prior to 
mammography because it is easy to handle, fast and 
cheap. In fact, once installed it does not require any 
additional cost for performing tests. Indeed, the 
application of computer image processing and data 
analysis would further improve its sensitivity and 
specificity. 


3.2. Passive and Active Thermography 


Medical thermography is a non-invasive, painless, 
and functional imaging method, which quantifies the 
radiation emitted by the peripheral skin surface in the 
infrared region of the electromagnetic spectrum. 
Thermography involves mapping the temperature 
distribution on the surface to detect the subsurface 
anomalies. It can be classified into two categories, viz., 
passive and active modes. The passive and active modes 


of thermography enable one to identify the quantitative 
details of the subsurface features, viz., the variation in 
the thermal (properties of lesion) and the geometrical 
configurations (growth of the lesion), which appear as an 
identifiable temperature contour at the surface. The 
passive mode of thermography pertains to the thermal 
mapping without any external thermal stress or imaging 
for internal heat source such as a tumor [16]. In fact, the 
thermography of the human body due to internal stress 
also falls in this category. For example, thermography 
after exercise. Most of the earlier investigations used 
passive thermography for the detection of cancer in 
breast [16, 17]. Indeed, the accuracy of this detection 
method depends on various protocols used for 
examination [48]. Few important protocols are: (a) the 
position of the camera relative to the patient should be 
kept constant during the examination, (b) measurement 
should be carried out in a dark room with a low light 
source to avoid the effect of background light as 
discussed earlier, (c) the room temperature should be 
below the body temperature, (d) the room temperature, 
humidity and surrounding air velocity should be 
maintained constant, (e) the patient should acclimatize to 
these conditions prior to the measurement, etc. Overall, 
the passive method has shown high senstivity and 
specificity in the detection of subsurface cancerous 
lesion [6]. However, the method was not used for the 
differentiation of cancerous lesion from benign lesions. 
In practice, benign lesions are marked as solid lumps 
with negligible metabolic activities. Naturally, a 
palpable solid lump with no contrast in the thermogram 
over time can be identified as a benign lesion. 

In the active mode of thermography, on the other 
hand, an external energy source/thermal stimulation, 
viz., cooling [24, 35, 49] or heating [50, 51] is applied to 
map the surface thermal response. In fact, the active 
mode often leads to better contrast and resolution for the 
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detection of subsurface anomalies compared to passive 
mode due to controlled external thermal stimulation. In 
many situations, the passive mode lacks the contrast 
since the feature is already in thermal equilibrium or the 
feature temperature is less than the skin surface. 
Whereas, the active mode is a _ useful approach, 
especially when the feature is already in thermal 
equilibrium with the surroundings. The commonly 
known effective active thermography methods for 
detection and differentiation of cancerous lesions are IR 
imaging during thermal recovery from cold stress [24, 
34-36] and lock-in-thermal (LIT) imaging [49]. These 
methods are elaborated in the next section. Further, the 


active modes featuring heating of skin surface instead of 
cooling are less popular methods in medical 
thermography. The reason being (a) the poor thermal 
contrast (as feature temperature is less than the surface 
temperature), (b) the shallow penetration of thermal 
wave, and (c) negligible thermal diffusivity of biological 
samples. It is worth-noting that, passive and active 
thermographies are further classified as steady state and 
dynamic thermographies. A schematic diagram to 
represent the working principle of passive and active 
mode of thermal imaging techniques were depicted in 
Figure 6. 
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Figure 6. Schematic diagram representing (a) passive thermography of breast lesion (no thermal stimulation) and (b) active thermography of 


breast lesion (cold stimulation). 


3.3. Steady State and Dynamic Thermography 


The steady state thermography (SST) refers to the 
case when a single image is taken during the evaluation. 
The single thermal image is taken when the test surface 
approaches a thermal equilibrium/steady state condition 
and the patient’s body has already acclimatized to the 


surrounding conditions. The focus is to identify the 
spatial variation and asymmetric temperature 
distribution in the thermogram due to subsurface lesion. 
In fact, the steady state thermogram of the same location 
taken on different dates is a useful strategy in the early 
days to detect and differentiate cancerous and benign 
lesions. The inherent idea was to compare the growth 
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pattern of the lesion based on the variation in 
temperature distribution in the thermograms. Hence, an 
initiative was made to relate the observed variation 
and/or the change in thermal contrast in the steady state 
thermogram with the tumor size, depth from the surface, 
and in vivo blood perfusion [52-54]. The SST was also 
used for obtaining a thermal texture map based on 
reconstruction of cell's metabolic extent featuring 
abnormality [55]. 


Cold stimulus 


Computer 


Figure 7. Schematic diagram representing the working principle 
of a dynamic thermal imaging method during thermal recovery 
from cold stress. 


On the other hand, dynamic thermography is capable 
to quantify cancerous and benign lesions based on the 
spatial and temporal variations in the thermal contrast in 
a series of thermograms [36, 56]. Currently, a few 
popular dynamic thermographic methods are used for 
medical diagnosis of skin and breast lesion. For 
example, thermal imaging during thermal recovery from 
cold stress [24, 35, 49, 56] and lock-in-thermography 


[49]. Figure 7 depicts the schematic representation of 
DTI method. 

In dynamic thermal imaging (DTI) during thermal 
recovery from cold stress, the skin (or the patient) is 
initially kept in a stabilized ambient condition for 15-20 
mins, so that the surface temperature reaches a steady 
value. Next, the surface and certain portions of the 
subsurface region are cooled below the reference steady 
value using a cold thermal stimulation for a short-period 
[35]. After a certain period, the cold stimulus is removed 
from the surface and the surface is allowed to recover to 
the reference steady value under the same stabilized 
ambient condition. During the thermal recovery period, 
the spatial variations of the temperature values on the 
skin surface are measured as a function of time using a 
thermal camera, indicating the differential changes in the 
thermal pattern between the abnormal region and the 
surrounding normal region. The observed temperature 
difference is mainly due to the thermogenic capacity, 
metabolism and blood perfusion of the lesion against 
that of the surrounding healthy tissues. In fact, the 
dynamic thermography is capable to reveal a small 
lesion, that remain undetected in steady state 
thermogram [22, 34]. Recently, Godoy et al. [36] 
suggested a unique strategy to differentiate cancerous 
and benign lesion using DTI method (discussed earlier). 

The application of lock-in-thermal imaging for the 
detection of benign skin lesion was demonstrated by 
Bonmarin and Le Gal [49]. Later, the same method was 
also used for identification of early melanoma and its 
stages [57]. The LIT imaging method employed periodic 
cold and hot pulse excitations on the skin surface at a 
given frequency using a temperature-modulated airflow 
from a cooling unit, and simultaneously mapped the 
surface temperature at the same frequency using a 
thermal camera to generate raw thermograms and phase 
images. In principle, LIT method is superior compared 
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to DTI since subtle changes in temperature gradient due 
to benign and early cancerous lesion would be visible in 
the phase images. The raw thermal images in DTI fail to 
differentiate the subtle changes due to the spurious 
thermal effect of local blood microcirculation and 
metabolism. Further, the LIT is a potential method for 
differentiation of melanoma stages (i.e., change in the 
penetration depth) based on associated phase differences. 


4. RECENT ADVANCEMENTS AND FUTURE 
RESEARCH DIRECTIONS 


4.1. Role of Theoretical Model and Inverse 
Detection in Medical Thermography 


From the beginning of scientific exploration, 
mathematical models have been used to actualize the 
ideas and to predict the events in the dynamic world. In 
the present day scenario, the studies using models and 
computations help one to explain the effects and make 
the predictions about the outcome of complex biological 
interactions. It has slowly become an integral part of the 
biomedical research, which is being effectively utilized 
now-a-days to analyze the biological behavior and to 
estimate the optimal configuration. In fact, the 
simulation efforts serve as a means for refining the 
experimental protocols and thereby reduce the loss of 
resources due to poorly planned studies. 

In practice, medical thermography only highlights 
the temperature gradient at the skin surface. Then, the 
observed variation in the thermogram, i.e., local 
hyperthermic and hypothermic region, was correlated to 
subsurface tumor and healthy region, respectively. On 
the other hand, the mixture of hyper- and hypothermic 
regions is correlated with the abnormality in the 


microcirculation and/or metabolism [34]. Further, based 
on any increase in the temperature above healthy region, 
thermography classifies cancerous and benign lesions 
[31]. 

However, medical thermography fails to reveal the 
clinically relevant information such as tumor depth, 
tumor size, microcirculation volume, and volumetric 
metabolism. In case of subsurface lumps, tumor size and 
tumor penetration depth are important features to stage 
malignant lesions. In fact, the knowledge of the above 
features is important for clinical practitioners to decide 
the course of treatment based on the level of seriousness. 
For example, the standard protocol to treat a low grade 
breast lesion having penetration depth < 1 mm is 
radiotherapy instead of excision, to avoid any spread. On 
the other hand, monitoring the variation of abnormal 
thermal texture featuring mosaic of hyperthermic- and 
hypothermic regions, would reveal the early signs of 
cancer. In general, the common clinical practice is to 
determine the structural changes, such as the size of the 
tumor by obtaining X-ray images or ultrasound images. 
However, in many situations X-ray images fail to 
provide correct information with the tissue being dense. 
Further, both X-ray imaging and ultrasonography fail to 
determine the functional changes such as the effect of 
increasing microcirculation and volumetric metabolism. 

The above facts led to the use of the thermal 
tomographic method [52-54, 58-60] in medical 
thermography of cancerous lesion. In this method, the 
subsurface variation/anomalies were predicted using a 
combined effort of (a) theoretical model mimicking the 
heat transfer phenomenon in biological tissues and (b) 
data mining algorithm, based on the measured surface 
temperature. In fact, the theoretical models mimicking 
the heat transfer phenomenon in biological tissue was 
extensively used without the help of an inverse 
algorithm to optimize the operational conditions and for 
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the prediction of disease diagnosis outcome [61-66]. 
Particularly in the 20th century, Feasey et al. [61] 
performed theoretical studies to determine the effect of 
natural and forced cooling on the thermographic patterns 
of the tumor. It was observed from the study that (a) the 
forced cooling at the surface demarcates the contrast of 
the subsurface hotspots, and enhances the contrast of the 
vascular pattern, (b) the surface temperature contrast 
reduces as the room temperature decreases, (c) a good 
contrast is possible at a comfortable room temperature 
and (d) the contrast at the surface mainly depends on the 
depth of the heat source, i.e., tumor. Later, Deng and Liu 
[62] used the Monte Carlo method to study the effect of 
(a) emissivity and humidity, (b) convective heat transfer 
coefficient, (c) relative humidity and temperature of the 
ambient air, (d) metabolic rate and blood perfusion in the 
tumor and (e) tumor size and the number, on the 
temperature map of the human skin. Wu et al. [63] 
studied the comparative changes in the skin surface 
temperature distribution caused by the variation of 
internal heat sources, environmental thermal 
configuration and physiological parameters. The study 
indicates that the depth of heat source can be determined 
theoretically from the full width and half height of the 
Gaussian temperature distribution curve. Similarly, 
variation of surface temperature distribution due to 
changes in the thickness of various skin layers and 
thermophysical properties was studied by Cetingul and 
Herman [64]. Based on the extensive parametric study, 
Cetingul and Herman suggested that the variation in the 
normal skin layer thickness and the thermophysical 
properties has negligible effect on the surface 
temperature. The study also pointed out that, among all 
the parameters, the variation in the skin layer thickness 
and blood perfusion exhibits a considerable change in 
the surface temperature. Further, it was concluded that 
the peak magnitude and the surface temperature profile 


of various skin lesions exhibit significant variations due 
to changes in the lesion geometrical parameters, such as 
width and depth of penetration. The effect of blood flow 
on the thermal response of the skin surface was 
investigated by Deng and Liu for the detection of tumor 
located in the vicinity of large blood vessels within the 
skin model using DTI technique [65]. The study 
demonstrated the thermal effect of larger blood vessels 
on the non-uniformity of the skin surface temperature. 
The study further suggested that the subsurface blood 
flow may lead to an error in the thermographic 
evaluation, and can cause false negative or false positive 
diagnoses during thermography. The reason being that, 
the nearby blood vessels overshadow the thermal effect 
of the lesion [66] in the steady state thermogram. In the 
above investigation [61-66], the Pennes bioheat equation 
[67] was used to predict the surface temperature due to 
associated boundary condition and _— subsurface 
thermophysical properties. In fact, the Pennes bioheat 
equation [67] was also used commonly for inverse 
detection of tumor size and characteristics. 

As discussed earlier, in order to obtain a clinically 
relevant information, thermal tomographic methods or 
inverse methods are employed for the prediction of 
subsurface tumor features based on the temperature map 
obtained from a thermal camera. In fact, the accuracy of 
prediction depends on the choice of appropriate 
boundary condition on the surface of skin [53, 68]. It is 
also worth noting that, an inverse method is unable to 
provide a unique information due to its ill-posedness. 
Partridge and Wrobel [69] used dual reciprocity 
boundary element method for discretization of boundary 
and Genetic algorithm (GA) for inverse prediction of 
tumor size and location based on the surface temperature 
of the skin. The method demands only discretization of 
boundary and employ analytical function to represent the 
variation at the boundary points. It is also referred to as 
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meshless method, and is suitable for problems, where a 
solution is required only at the surface. In fact, the 
prediction is faster when GA is coupled with the forward 
model due to non- requirement of internal nodes. Later, 
Bezerra et al. [70] predicted the blood perfusion and 
thermal conductivity of breast tissue by inverting the 3D 
bioheat model of layered breast using the Sequential 
quadratic programming (SQP) algorithm. Here, the 
measured maximum surface temperature in the 
thermogram corresponding to _ breast lesions 
(fibroadenoma and invasive ductal carcinoma) was fitted 
with the temperature predicted by the 3D bioheat model 
which used the inverse algorithm. In fact, the 3D model 
was constructed based on the anatomical details obtained 
from ultrasonography. The results revealed the 
possibility of accurately determining the thermophysical 
properties of breast and breast lesion using the present 
approach [70]. On the other hand, a faster inverse 
algorithm was developed by Han et al. [71] to predict the 
depth, basal temperature and thermal power of heat 
source in the breast. The study used the measured 
temperature data from thermogram of four female 
patients divided into two groups based on fatty breast 
and dense breast. Each group consists of two patients 
with benign and malignant lesion. The measured surface 
temperature data of breast in the region of interest was 
then fitted with the help of Levenberg-Marquardt 
algorithm to predict the thermal power, depth of the 
lesion, and basal temperature. Indeed, the forward model 
used here is the analytical solution of Pennes bioheat 
equation for polar coordinate system. The study revealed 
that the predicted value of power for malignant source is 
far greater than the benign source, and the results are 
independent of the type of breast. 

On the other hand, Luna et al. [72] predicted the 
blood perfusion and tumor penetration depth of different 
stages of skin lesion using boundary element method and 


simulated annealing algorithm. The study assumed a 2D 
model for single skin layer with embedded tumor to 
obtain the surface temperature distribution. Next, the 
surface temperature distribution was fitted using 
simulated annealing inverting the same theoretical model 
to predict the blood perfusion and penetration depth of 
the lesion. Later, Bhowmik and Repaka [53] proposed a 
thermal system that is capable to simultaneously 
estimate tumor diameter, penetration depth, blood 
perfusion and metabolic heat generation by fitting the 
measured two dimensional pixel value of skin 
thermogram with the aid of data mining algorithms. The 
study considered the 3D layered model of human skin 
with tumor stages, Clark level II and Clark level IV, to 
determine the two dimensional surface thermal maps. At 
first, the forward model was validated with the measured 
data available in the literature. Next, two separate data 
mining algorithms were used, viz., genetic and simulated 
annealing algorithm to estimate the tumor features by 
fitting the two dimensional pixel values. The 
performance of simulated annealing was found to be 
favorable in terms of accuracy and time required for 
prediction. Indeed, the prediction of tumor growth 
feature was found to be faster than the standard biopsy 
result. The retrieved parameters displayed several sets 
corresponding to same skin surface map. Thus, indicates 
the possibility of benchmark thermograms for a range of 
tumor growth features and physiological attributes [53]. 


4.2. Future Research Directions in Medical 
Thermography 


In future, thermography and IR transillumination 
technique may evolve as important methods for early 
detection of cancer in a simple clinical setting. In most 
cases, the early stage of breast and skin cancer regularly 
gets undetected in a simple clinical setting due to no 


Passive and Active Thermography for Detection of Subsurface Malignant Lesions 43 


lump formation and unavailability of the simple imaging 
Thus, a and/or IR 
transillumination tool would allow medical practitioners 


system. thermographic 
to gather first hand information regarding the abnormal 
feature in a simple clinical setting. In fact, the focus 
would be to monitor the asymmetry in hyper- and 
hypothermic textured regions on the steady state 
thermograms taken at different dates. 

On the other hand, the 
thermographic and structural diagnostic tools such as X- 


combination of 


ray or ultrasonography may prove suitable for detection 
and differentiation of lump and metastasis in future 
investigations. Particularly, the size and location can be 
obtained using X-ray or ultrasonography. Whereas, the 
functional variations referring to changes in blood 
microcirculation and metabolism, regional node 
metastasis, metastases in transit, and metastases to 
secondary locations would be highlighted by a 
thermogram as hyperthermic regions. 

Further, 


enabling patient to monitor any anomalies at home can 


personalized thermographic devices, 
find its application in future. In fact, due to rapid 
advances in bio-optics and microscale fabrication, it is 
possible today to fit a thermal sensor in a portable device 
such as cell phones. Moreover, in future internet may 
prove to be beneficial in medical diagnosis, allowing 
patients to upload the suspected thermal image remotely 
to an online repository. Indeed, such repository can be 
made automated to perform image manipulation or 
feature extraction using software to gather detailed 
information of the thermograms. The information 
gathered would bring awareness to the patients, and 
advice possible course of action without delay. This will 
eventually reduce the death rates due to breast and skin 
cancers, since these cases often remain 


unattended/untreated. 


[1] 


[2] 


[3] 


[4] 


[5] 


[6] 


[7] 


[8] 


REFERENCES 


Frangioni, J. V. (2008). New technologies for 
human cancer imaging. Journal of Clinical 
Oncology, 26(24), 4012-4021. 

Lee, E. S. & Lee, J. M. (2014). Imaging diagnosis 
of pancreatic cancer: a state-of-the-art review. 
World Journal of Gastroenterology, 20(24), 7864- 
7877. 

Wang, F., Shen, L. Y., Ma, S. H., Li, N., Yang, Z., 
& Chen, K. N. (2013). Advantages of positron 
emission tomography-computed tomography 
imaging in esophageal squamous cell carcinoma. 
Diseases of the Esophagus, 26(8), 832-837. 

Corlu, A., Choe, R., Durduran, T., Rosen, M. A., 
Schweiger, M., Arridge, S. R., Schnall, M.D., & 
Yodh, A.G. (2007). Three-dimensional in vivo 
fluorescence diffuse optical tomography of breast 
cancer in humans. Optical Express, 15(11), 6696- 
6716. 

Das, C., Trivedi, A., Mitra., K., & Vo-dinh, T. 
(2003). Experimental and numerical analysis of 
short-pulse laser interaction with tissue phantoms 
containing inhomogeneities. Applied Optics, 42, 
16-19. 

Amalu, W. C. A review of breast thermography 
[Online], 2003. 
http://www. breastthermography.com/infrared_ima 


Available from: 


ging review.htm 

Ng, E. K. (2009). A review of thermography as 
promising non-invasive detection modality for 
breast tumor. /nternational Journal of Thermal 
Sciences, 48(5), 849-859. 

Pasternak, J. J. & Williamson, E. E. (2012). 
Clinical pharmacology, uses, and adverse reactions 
of iodinated contrast agents: a primer for the non- 


44 


[9] 


[10] 


[11] 


[12] 


[13] 


[14] 


[15] 


[16] 


[17] 


Arka Bhowmik and Ramjee Repaka 


radiologist. Mayo Clinic Proceedings, 87(4), 390- 
402. 

Sickles, E. A., Filly, R. A. & Callen, P. W. (1983). 
Breast cancer detection with sonography and 
mammography: comparison using state-of-the-art 
equipment. American Journal of 
Roentgenology, 140(5), 843-845. 

Fearon, E.R. (1997). Human cancer syndromes: 
Clues to the origin and nature of cancer. Science, 
278, 1043-1050. 

Bhowmik, A. (2015). Non-Invasive detection and 
differentiation of skin cancer stages: A numerical 
study, Thesis. 

NPCR. Cancer registry from 1997-2007 [Online]. 
National Program of Cancer Registries. Available 
from: — http://www.cdce.gov/cancer/npcr/ (Date 
accessed: 31 July 2014). 

Greene,F. L., Compton, C. C., Fritz, A. G., Shah, J. 
P. & Winchester, D. P. (2006). AJCC Cancer 
Staging Atlas: Melanoma of the Skin (Part V), New 
York: Springer. 

Luba, M. C., Bangs, S. A., Mohler, A. M. & 
Stulberg, D. L. (2003). Common benign skin 
tumors. American Family Physician, 67(4), 729- 
738. 

Guray, M. & Sahin, A. A. (2006). Benign breast 


diseases: classification, diagnosis, and 
management. The Oncologist, 11(5), 435-449. 
Lawson, R. (1956). Implications of surface 


temperatures in the diagnosis of breast cancer. 
Candian Medical Association Journal, 75(4), 309- 
310. 

Lawson, R. N. & Chughati, M. S. (1963). Breast 
cancer and body temperatures. Candian Medical 
Association Journal, 88, 68-70. 


[18] 


[19] 


[20] 


[21] 


[22] 


[23] 


[24] 


[25] 


Anbar, M. (1998). Clinical thermal imaging today. 
IEEE Engineering in Medicine and Biology, 17, 
1673-1685. 

Head, J. F.,Wang, F. & Elliott, R. L. (1993). Breast 
thermography is a _ noninvasive prognostic 
procedure that predicts tumor growth rate in breast 
cancer patients. The New York Academy of 
Sciences, 698, 153-158. 

Guidi, A. J. & Schnitt, S. J. (1996). Angiogenesis 
in preinvasive lesions of the breast. The Breast 
Journal, 2(6), 364-369. 

Keyserlingk, J., Ahlgren, P., Yu, E. & Belliveau, 
N. (1998). Infrared imaging of the breast: Initial 
reappraisal using high-resolution _ digital 
technology in 100 successive cases of stage I and 
II breast cancer. The Breast Journal, 4(4), 245— 
25). 

Ohashi, Y., Yamazaki, Z., Onai, Y., & Uchida, I. 
(1973). The Diagnosis of Breast Cancer by 
In: K. Atsumi (Ed), Medical 


thermography (pp. 215-252). Tokyo: University of 


Thermography. 


Tokyo Press. 

Nagasawa, A. & Okada, H. (1973). Thermal 
K. Atsumi K (Ed), Medical 
thermography (pp. 151-165). Tokyo: University of 


Recovery. In: 


Tokyo Press. 

Ohashi, Y. & Uchida, I. (2000). Applying dynamic 
thermography in the diagnosis of breast cancer. 
IEEE Engineering in Medicine and Biology 
Magazine, 19(3), 42-51. 

Arora, N., Martins, D., Ruggerio, D., Tousimis, E., 
Swistel, A. J., Osborne, M. P. & Simmons, R. M. 
(2008). Effectiveness of a noninvasive digital 
infrared thermal imaging system in the detection of 
breast cancer. The American Journal of Surgery, 
196(4), 523-526. 


Passive and Active Thermography for Detection of Subsurface Malignant Lesions 45 


[26] 


[27] 


[28] 


[29] 


[30] 


[31] 


[32] 


[33] 


Kerr J. (2004). Review of the effectiveness of 
infrared thermal imaging (thermography) for 
population screening and diagnostic testing of 
breast cancer [Online]. New Zealand Health 
Technology Assessment (NZHTA): NZHTA Tech 
Brief 3(3):1-60. Available 


https://www.nsu.govt.nz/system/files/resources/rev 


Series, from: 
iew-of-the-effectiveness-of-thermography.pdf 
(Accessed: March 9, 2017). 

Kennedy, D. A., Lee, T. & Seely, D. (2009). A 
comparative review of thermography as a breast 
cancer screening technique. IJntegrative Cancer 
Therapies, 8(1), 9-16. 

Brasfield, R., Sherman, R. & Laughlin, J. (1964). 
Thermography in management of cancer - a 
preliminary report. Annals of the New York 
Academy of Sciences, 121(1), 235-247. 

Gros, C., Basset, A., Alt, J. & Vrousos, C. (1966). 
La thermographie des tumeurs pigmentees. Bull. 
Soc. Franc. Dermat. Syphil, 72, 726-729. 

Maillard, G. F. & Hessler, C. (1969). La 
thermographie des mélanomes 
Dermatologica, 139(5), 353-358. 
Amalric, R., Altschuler, C., Giraud, D., 
Thomassin, L. & Spitalier, J. M. (1984). Value of 
Infrared Thermography in the Assessment of 
Malignant Melanomas of the Skin. In: E. F. G. 
Ring, & B. Phillips (Eds.), Recent advances in 
medical thermology (pp. 623-629). New York: 
Springer. 


malins. 


Cristofolini, M., Perani, B., Piscioli, F., Recchia, 
G. & Zumiani, G. (1981). 
thermography for diagnosis and follow-up of 


Uselessness of 


cutaneous malignant melanoma. Tumori, 67(2), 
141. 

Cristofolini, M., Boi, S., Perani, B., Recchia, G. & 
Zumiani, G. (1984). Value of Thermography in the 


[34] 


[35] 


[36] 


[37] 


[38] 


[39] 


[40] 


[41] 


Diagnosis of Malignant Melanomas of the Skin. In: 
E. F. G. Ring, & B. Phillips (Eds.), Recent 
advances in medical thermology (pp. 631-634). 
New York: Springer. 

Di Carlo, A. (1995). Thermography and the 
possibilities for its applications in clinical and 


experimental dermatology. Clinics in 
Dermatology, 13(4), 329-336. 
Cetingil, M. P. & Herman, C. (2011). 


Quantification of the thermal signature of a 
melanoma lesion. /nternational Journal of Thermal 
Sciences, 50(4), 421-431. 

Godoy, S. E., Ramirez, D. A., Myers, S. A., von 
Winckel, G., Krishna, S., Berwick, M., Padilla, R. 
S., San, P. & Krishna, S. (2015). Dynamic infrared 
imaging for skin cancer screening. Infrared 
Physics & Technology, 70, 147-152. 

Huizenga, C., Zhang, H., Arens, E. & Wang, D. 
(2004). Skin and core temperature response to 
partial-and whole-body heating and 
cooling. Journal of Thermal Biology, 29(7), 549- 
558. 

Cohen, M. L. (1977). Measurement of the thermal 
properties of human skin. A review. Journal of 
Investigative Dermatology, 69, 333-338. 

Steketee J. & van der Hoek, M. J. (1979). Thermal 
recovery of the skin after cooling. Physics in 
Medicine and Biology. 24(3), 583-587. 

Giilhan, A. (2000). Application of Pyrometry and 
IR-Thermography to High Surface Temperature 
Measurements, Defense Technical Information 
Center Compilation Part Notice ADPO10751, pp. 
9B1-9B24. 

Smith, R.A., Jones, F.E. & Chasmar, R.P. (1968). 
The detection and measurement of infra-red 
radiation (2nd ed.), Oxford University Press. 


46 Arka Bhowmik and Ramjee Repaka 
[42] Cutler, M. (1929). Transillumination as an aid in [51] Bhowmik, A., Repaka, R., Mulaveesala, R. & 
the diagnosis of breast lesions. Surgery, Mishra, S. C. (2015). Suitability of frequency 
Gynecology and Obstetrics, 48, 721-729. modulated thermal wave imaging for skin cancer 
[43] Gros, C. M., Quenneville, Y. & Hummel, Y. detection—a theoretical prediction. Journal of 
(1972). Diaphanologie mammaire. J Radiol Thermal Biology, 51, 65-82. 
Electrol Med Nucl., 53, 297— 302. [52] Das, K. & Mishra, S. C. (2015). Simultaneous 
[44] Ohlsson, B., Gundersen, J. & Nilsson, D. M. estimation of size, radial and angular locations of a 
(1980). Diaphanography: a method for evaluation malignant tumor in a 3-D human _breast-A 
of the female breast. World Journal of Surgery, numerical study. Journal of Thermal Biology, 52, 
4(6), 701-705. 147-156. 
[45] Carlsen, E. (1982). Transillumination — light [53] Bhowmik, A. & Repaka, R. (2016). Estimation of 
scanning. Diagnostic Imaging, 4(60), 28-33. growth features and thermophysical properties of 
[46] Bartrum Jr, R. J. & Crow, H. C. (1984). melanoma within 3-D human skin using genetic 
Transillumination lightscanning to diagnose breast algorithm and simulated annealing. /nternational 
cancer: a feasibility study. American Journal of Journal of Heat and Mass Transfer, 98, 81-95. 
Roentgenology, 142(2), 409-414. [54] Hatwar, R. & Herman, C. (2017). Inverse method 
[47] Merritt, C. R., Sullivan, M. A., Segaloff, A. & for quantitative characterization of breast tumors 
McKinnon, W. P. (1984). Real-time from surface temperature data. International 
transillumination light scanning of the breast. Journal of Hyperthermia, 1-56. 
Radiographics, 4(6), 989-1009. [55] Jiang, L. J., Ng, E. Y. K., Yeo, A. C. B., Wu, S., 
[48] Kandlikar, S. G., Perez-Raya, I., Raghupathi, P. A., Pan, F., Yau, W. Y., Chen, J. H. & Yang, Y. 
Gonzalez-Hernandez, J. L., Dabydeen, D., (2005). A perspective on medical infrared imaging. 
Medeiros, L. & Phatak, P. (2017). Infrared imaging Journal of Medical Engineering & Technology, 
technology for breast cancer detection—Current 29(6), 257-267. 
status, protocols and new directions. [nternational [56] Buzug, T. M., Schumann, S., Pfaffmann, L., 
Journal of Heat and Mass Transfer, 108, 2303- Reinhold, U. & Ruhlmann, J. (2006). Functional 
2320. infrared imaging for skin-cancer screening. In: 
[49] Bonmarin, M. & Le Gal, F. A. (2015). A lock-in Proceedings of EMBS06, 28th Annual 
thermal imaging setup for dermatological International Conference, pp. 2766-2769. 
applications. Skin Research and Technology, 21(3), [57] Bonmarin, M. & Le Gal, F. A. (2014). Lock-in 
284-290. thermal imaging for the early-stage detection of 
[50] Milner, T. E., Goodman, D. M., Tanenbaum, B. S. cutaneous melanoma: A _ feasibility study. 
& Nelson, J. S. (1995). Depth profiling of laser- Computers in Biology and Medicine, 47, 36-43. 
heated chromophores in biological tissues by [58] Pantazatos, P. & Chen, M. M. (1978). Computer 


pulsed photothermal radiometry. Journal of 
Optical Society of America A, 12(7), 1479-1488. 


aided tomographic thermography: a numerical 
simulation. Journal of Bioengineering, 2(5), 397. 


Passive and Active Thermography for Detection of Subsurface Malignant Lesions 47 


[59] 


[60] 


[61] 


[62] 


[63] 


[64] 


[65] 


[66] 


Chen, M. M._— (1985). 
Tomographic Thermography. In Heat Transfer in 
Medicine and Biology (pp. 353-369). Springer US. 
Shi, G. L., Han, F., Liang, C. W., Wang, L. & Li, 
K. Y. (2014). A novel method of thermal 
tomography tumor diagnosis and its clinical 


Computer-aided 


practice. Applied Thermal Engineering, 73(1), 408- 
415. 

Feasey, C. M., Davison, M. & James, W. B. 
(1971). Effects of natural and forced cooling on the 
thermographic patterns of tumours. Physics in 
Medicine and Biology, 16(2), 213-220. 

Deng, Z. S. & Liu, J. (2004). Mathematical 
modeling of temperature mapping over skin 
surface and its implementation in thermal disease 
diagnostics. Computers in Biology and Medicine, 
34(6), 495-521. 

Wu, Z., Liu, H. H., Lebanowski, L., Liu, Z. & Hor, 
P. H. (2007). A basic step toward understanding 
skin surface temperature distributions caused by 
internal heat sources. Physics in Medicine and 
Biology, 52(17), 5379-5392. 

Cetingitil, M. P. & Herman, C. (2010). A heat 
transfer model of skin tissue for the detection of 
lesions: sensitivity analysis. Physics in Medicine 
and Biology, 55(19), 5933-5951. 
Z. S. & Liu, J. 
Temperature Nonuniformity 


Deng, (2005, January). 
During Applying 
Dynamic Infrared Thermography for Tumor 
Detection: Vessels. In: 


Impact of Large 


Proceedings of International Mechanical 
Engineering Congress and Exposition, pp. 99-104. 
Bhowmik, A., Repaka, R. & Mishra, S. C. (2014). 


Thermographic evaluation of early melanoma 


[67] 


[68] 


[69] 


[70] 


[71] 


[72] 


within the vascularized skin using combined non- 
Newtonian blood flow and bioheat models. 
Computers in Biology and Medicine, 53, 206-219. 

Pennes, H. H. (1948). Analysis of tissue and 
arterial blood flow temperatures in the resting 
forearm. Journal of Applied Physiology, /, 93-122. 
Bhowmik, A. (2016). 
method for estimation of in vivo thermal properties 
of biomaterials. In: Proceedings of ENERGY2016, 
National Conference on Energy, Economy and 


A quasi-experimental 


Environment, pp. 140-143. 

Partridge, P. W. & Wrobel, L. C. (2007). An 
inverse geometry problem for the localisation of 
skin tumors by thermal analysis. Engineering 
Analysis with Boundary Elements, 31(10), 803- 
811. 

Bezerra, L. A., Oliveira, M. M., Rolim, T. L., 
Conci, A., Santos, F. G. S., Lyra, P. R. M. & Lima, 
R. C. F. (2013). Estimation of breast tumor thermal 
properties using infrared 
Processing, 93(10), 2851-2863. 
Han, F., Shi, G., Liang, C., Wang, L. & Li, K. 
(2015). A simple and efficient method for breast 
cancer diagnosis 


images. Signal 


based on infrared thermal 
imaging. Cell Biochemistry and Biophysics, 71(1), 
491-498. 

Luna, J. M., Hernandez Guerrero, A., Romero 
Méndez, R. & Luviano Ortiz, J. L. (2014). Solution 
of the Inverse Bio-Heat Transfer Problem for a 
Simplified Dermatological Application: Case of 
Skin Cancer. Ingenieria Mecanica, Tecnologia Y 


Desarrollo, 4(6), 219-228. 


